The Twisted gastrulation (Tsg) proteins are modulators of bone morphogenetic protein (BMP) activity in both vertebrates and insects. We find that the crossveinless (cv) gene of Drosophila encodes a new tsg-like gene. Genetic experiments show that cv, similarly to tsg, interacts with short gastrulation (sog) to modulate BMP signalling. Despite this common property, Cv shows a different BMP ligand specificity as compared with Tsg, and its expression is limited to the developing wing. These findings and the presence of two types of Tsg-like protein in several insects suggest that Cv represents a subgroup of the Tsg-like BMPmodulating proteins.
INTRODUCTION
Extracellular gradients of bone morphogenetic protein (BMP) signalling direct many tissue patterning events including dorsoventral (D/V) patterning in both vertebrates and insects. In Drosophila, Twisted gastrulation (Tsg; Zusman & Wieschaus, 1985; Mason et al, 1994 Mason et al, , 1997 , Short gastrulation (Sog; Ferguson & Anderson, 1992; Piccolo et al, 1996) , Crossveinless-2 (Cv-2; Conley et al, 2000) , Tolloid (Tld; Marques et al, 1997) , Tolloidrelated-2 (Tlr-2; Nguyen et al, 1994) and Shrew (Srw; Ferguson & Anderson, 1992; Vilmos et al, 2001 ) modulate gradients of inductive signals from the BMP ligands Decapentaplegic (Dpp; Ferguson & Anderson, 1992) , Glass-bottom-boat (Gbb/ 60A; Khalsa et al, 1998; Wharton et al, 1999) and Screw (Scw; Arora et al, 1994) . Full-length Tsg can bind BMPs in a ternary complex with Sog or Chordin (Chd) proteins and prevent receptor activation (Chang et al, 2001; Ross et al, 2001; Scott et al, 2001; Shimmi & O'Connor, 2003) . The Tld and Tlr-2 metalloproteases can act as switches by cleaving the Sog/Chd inhibitors in a reaction that is influenced by Tsg (Yu et al, 2000; Larrain et al, 2001) , and in some settings the carboxy-terminal domain of Tsg can promote BMP activity by displacing Tld-generated Sog fragments from BMP (Larrain et al, 2001; Garcia Abreu et al, 2002; Oelgeschlager et al, 2003) . Differences in substrate specificities of these BMP modulators may contribute to the wide range of biological specificities seen with BMP signalling (Scott et al, 1999; Garcia Abreu et al, 2002) . As Tsg is only expressed during D/V patterning of the fly embryo (Mason et al, 1994) , although BMP ligands signal many times in fly development, we searched for additional tsg-like genes in the Drosophila genome.
RESULTS
The tsg2/cv genomic region A tsg-like gene (CG12410) was found on the first chromosome between CG3160 and CG3149 ( Fig 1A) . It encodes a protein with about 50% homology to the Tsg protein and the same molecular topology: two cysteine-rich (CR) domains connected by a variable hinge domain. Ambiguities and gaps in the public sequence were resolved by resequencing (supplementary Fig S1 online ; accession number AE003435, bases 63001-65992). A comparison of tsg-like genes in insects suggests two subgroups in the tsg-like family typified by cv and tsg (Fig 1B; supplementary Fig S2 online) . Of the five insects for which complete genomes are available, Drosophila melanogaster, Drosophila pseudoobscura and Drosophila simulans have both a tsg-like and a cv-like gene, whereas the mosquito and bee seem to have only a cv-like gene (Fig 1B; supplementary Figs S2,S3 online).
CG12410 is allelic to crossveinless
To determine the function of CG12410, we excised the element EP1349 that shows no mutant phenotype and is located about 700 base pairs (bp) 5 0 of the exon containing the predicted start codon ( Fig 1A; supplementary Fig S1 online) . Four strains were recovered that delete portions of CG12410 and all showed a recessive visible crossveinless phenotype with loss of the anterior crossveins (ACV) and the posterior crossveins (PCV; Fig 2A,B) . Two of the four mutants were strict recessive visibles (cv 18 , cv 43 ), whereas the other two (cv 34 , cv 51 ) showed semilethality (22% and 53%) not linked to the cv locus. As flies heterozygous for cv 18 and cv 1 (Fig 2C,D) have the same phenotype as cv 1 homozygotes, CG12410 is allelic to cv. Further evidence for allelism was obtained by rescuing both cv 1 and cv 18 hemizygotes with CG12410 using UAS4EP1349 under the control of the ptc4Gal4 driver (Fig 2E) .
Although the most obvious phenotype is the absence of crossveins and a delta at the tips of the L3 and L4 veins as originally described (Bridges, 1920; Waddington, 1940) , we also found that the longitudinal veins in cv mutants show poorly defined edges and trajectories often broadening and meandering along their length in a manner similar to that seen in sog À wing tissue (Yu et al, 1996; Fig 2F) , suggesting that cv has a role in refining the domains where veins and crossveins form.
Deletions define the cv functional region
The nature of the cv mutations was determined by PCR (supplementary Fig S4 online ) and sequencing the P-induced deletions (supplementary Fig S1 online) . As cv 18 , cv 34 , cv 43 and cv 51 alleles delete a region that extends from the P-element insertion site (supplementary Fig S1 online) past the ATG start codon to the second intron of cv, we consider these alleles as physically verified nulls. The cv 1 mutation is due to a 412 retrotransposon (Strobel et al, 1979; Will et al, 1981) inserted in the second intron of cv that introduces two poly(A) addition signals that should terminate the cv transcript prematurely.
The cv 52 and cv 12 mutations show no phenotype; however, they delete all the DNA from the insertion to either the adjacent gene CG3160 (cv 52 ) or to within 475 bp of the translation start site (cv 12 ; supplementary Fig S1 online). Thus, regulatory sequences necessary for cv function do not extend past 475 bp upstream of the cv 12 breakpoint.
Cv is expressed in the developing wing
Endogenous cv messenger RNA was detected only in the developing pupal wing, with no evidence of earlier expression. Expression of cv first appears as diffuse staining in the regions of the vein primordia 24-28 h after pupariation (APF) and later refines to stripes of 2-3 cells localized at the vein-intervein boundaries (Fig 3A-F scientific report dpp and the sog-like cv-2 are expressed in the vein domain at these times, whereas sog and gbb are expressed in the intervein regions with concentrations at the boundaries that are coincident with cv (Yu et al, 1996; Conley et al, 2000; Fig 3H) .
Cv is diffusible and not interchangeable with Tsg
We found that expression of UAS4cv along the anterior-posterior (A/P) border rescues both the ACV and the PCV in cv mutants, whereas tsg does not rescue either crossvein (Fig 4A) . Thus, anterior expression of cv can restore function in posterior cells. Similarly, cv expressed in the embryo does not rescue tsg mutants (Fig 4B) . Thus, Tsg and Cv are not functionally interchangeable proteins.
Cv modulates BMP activity
It has been well documented that the loss of BMP signalling in wings produces two phenotypes, one being reduction of wing size and the other loss of veins (Posakony et al, 1990; Wharton et al, 1999; Ray & Wharton, 2001 ). The first phenotype involves an early abrogation of long-range BMP signalling, whereas the second results from a late local loss of signalling in veins. It has also been shown that Tsg can inhibit BMP-like ligands by synergizing with Sog, or in other environments can promote BMP activity by displacing an inhibitory fragment of Sog generated by proteolytic cleavage (Larrain et al, 2001) . To compare the activities of Cv and Tsg, we expressed transgene combinations under the control of the wing driver A94Gal4. Excess cv alone can induce small fragments of extra veins and a delta phenotype (Fig 4C) , consistent with a mild pro-BMP activity. In contrast, coexpression of cv and sog produces a phenotype resembling early loss of BMP signalling in the organizer that runs along the A/P boundary (i.e. reduction in size and loss of intervein regions; Posakony et al, 1990 ; Fig 4E,F) . Interestingly, coexpression of cv and sog along the A/P border affects structures throughout the wing (Fig 4G) , whereas expression of these proteins in the posterior compartment affects only posterior structures (Fig 4E) . The asymmetric activity of cv þ sog suggests a restricted mobility due either to local inhibition of a long-range signal such as Dpp or Gbb or to the existence of an asymmetric inhibitor of diffusion of Cv/Sog-containing complexes (Park et al, 2000; Fujise et al, 2003) .
It has been postulated that Cv might synergize with Cv-2, a second Sog-like protein (Larrain et al, 2001) ; however, when Cv-2 is coexpressed with either Cv or Tsg, we see no evidence of the strong inhibition of BMP signalling observed when Cv or Tsg is coexpressed with Sog (compare Fig 4I,J with 4E,F) . On further underscoring a difference between Sog and Cv-2, both Cv and Sog mutants show similar effects on wing veins (loss of crossveins and expanded vein tips), whereas Cv-2 mutants show loss of vein tips as well as crossveins. Thus, Cv-2 is not interchangeable with Sog. 
BMP inhibition by Cv þ Sog is ligand specific
To evaluate ligand specificity, we tested the ability of Cv and Sog to suppress the wing disruptions caused by overexpressing Dpp and Gbb (Fig 4K,L) . Expression of cv, tsg or sog alone has no detectable effect on the overexpression of dpp (Fig 4M,O,S) . However, when expressed together with sog, cv and tsg behave fairly differently when challenged with excess Dpp. Although tsg with sog can rescue the effect of excess dpp, cv with sog does not suppress the dpp overexpression phenotype at all (compare Fig 4T with 4Q) . Cv and Tsg also differ in their effect on Gbb overexpression. Although Cv or Sog alone has no effect on Gbb overexpression (Fig 4N,P) , Cv together with Sog re-establishes the intervein tissue and the longitudinal veins with a series of expanded crossveins between L2 and L3 (Fig 4R) . In contrast, Tsg alone suppresses fairly effectively the excess Gbb effect (Fig 4U) , whereas Tsg together with Sog leads to an intermediate level of rescue (Fig 4V) . These observations indicate that Cv and Tsg have distinct activities with respect to the Dpp and Gbb ligands and also different requirements for Sog to inhibit BMP.
DISCUSSION The Tsg and Cv subfamilies
Comparing the Cv protein with Tsg proteins from other insect species reveals two protein groups (Fig 1B; supplementary Figs S2,S3 online) that may reflect the distinct functions of Cv and Tsg. Supporting this inference, cv fails to rescue tsg mutant embryos (Fig 4B) despite the fact that the Drosophila virilis tsg gene can rescue D. melanogaster tsg mutants (J.C. Becerra, 1998, PhD thesis, University of California, Irvine), indicating that the tsglike genes may share a common function that is distinct from the cv-like genes.
Cv is required for vein refinement
Vein and crossvein development in the fly wing depends on tightly regulated BMP signalling and is sensitive to changes of BMP activity (Posakony et al, 1990; Yu et al, 1996; Ray & Wharton, 2001) . Key proteins involved in vein development include the two ligands, Dpp and Gbb, Sog, Cv-2 and the metalloproteases Tld and Tlr-2 (Nguyen et al, 1994; Marques et al, 1997; Piccolo et al, 1997; Conley et al, 2000) . scientific report
The meandering and widened veins seen in cv mutants (Fig 2E) are similar to those caused by loss of Sog (Yu et al, 1996) . Further, the effects of cv on crossvein development mimic those seen with loss of the Gbb or Dpp ligands (Ray & Wharton, 2001 ), mutants of tlr-2 (Nguyen et al, 1994; Finelli et al, 1995) or overexpression of sog (Yu et al, 2000) . Both the development of wing veins and dorsal patterning in the embryo require the formation of sharp stripes of BMP signalling by processes that involve extracellular modulators of activity (Eldar et al, 2002; Kao et al, 2003) . In the embryo, Tsg facilitates the binding of ventrally produced Sog to Dpp and Scw (Ferguson & Anderson, 1992; Arora et al, 1994; Ross et al, 2001 ) until ligand is released by the cleavage of Sog by dorsally located Tld. This process concentrates Dpp activity in a narrow stripe along the dorsal midline. In the wing, Cv, together with Sog, may have a similar role by facilitating the binding of Sog to Dpp/Gbb ligands until released by Tlr and establishing a sharp stripe of BMP signalling between the gbb-and sog-expressing intervein regions (Fig 3H; Yu et al, 1996; de Celis, 1997 de Celis, , 1998 Conley et al, 2000) .
Tsg-like molecules have a dual role in BMP signalling (Larrain et al, 2001; Oelgeschlager et al, 2003) . When complexed with Sog-like molecules, they can bind BMP ligands and prevent receptor activation (Harland, 2001) . However, when levels of Tsglike proteins are high relative to Sog or Chd, they can promote BMP activity by catalysing the release of a Tld-generated inhibitory fragment of Sog/Chd (Oelgeschlager et al, 2000; Larrain et al, 2001) . The appearance of small ectopic veins with excess Cv alone (Fig 4C) may reflect this process (Larrain et al, 2001; Oelgeschlager et al, 2003) . Similarly, the ability of Tsg alone to rescue the A94gbb phenotype can be due either to Tsg acting as a sole inhibitor of Gbb at high concentrations or to its restoring a more favourable Gbb to Dpp ratio by augmenting Dpp activity. Notably, we could find no evidence that either Cv or Tsg could act together with the sog-like Cv-2. Our data are consistent with a model in which Cv retains the dual activities of Tsg-like molecules albeit with distinct substrate specificity; for example, Cv synergizes with Sog to block Gbb but not Dpp signalling (compare Fig 4Q with 4R) .
Interestingly, despite the presence of several BMP ligands involved in many developmental events, only a few Tsg/Cv-like genes are present in vertebrates and invertebrates and their activity is highly restricted. Perhaps Tsg-like proteins are only required where it is necessary to generate a straight and narrow band of BMP signalling such as along the dorsal axis of the embryo or the veins of the wing.
METHODS
Protocols are described in supplementary information online. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
